In organisms other than higher plants, family 19 chitinase was first discovered in Streptomyces griseus HUT6037, and later, the general occurrence of this enzyme in Streptomyces species was demonstrated. In the present study, the distribution of family 19 chitinases in the class Actinobacteria and the phylogenetic relationship of Actinobacteria family 19 chitinases with family 19 chitinases of other organisms were investigated. Forty-nine strains were chosen to cover almost all the suborders of the class Actinobacteria, and chitinase production was examined. Of the 49 strains, 22 formed cleared zones on agar plates containing colloidal chitin and thus appeared to produce chitinases. These 22 chitinase-positive strains were subjected to Southern hybridization analysis by using a labeled DNA fragment corresponding to the catalytic domain of ChiC, and the presence of genes similar to chiC of S. griseus HUT6037 in at least 13 strains was suggested by the results. PCR amplification and sequencing of the DNA fragments corresponding to the major part of the catalytic domains of the family 19 chitinase genes confirmed the presence of family 19 chitinase genes in these 13 strains. The strains possessing family 19 chitinase genes belong to 6 of the 10 suborders in the order Actinomycetales, which account for the greatest part of the Actinobacteria. Phylogenetic analysis suggested that there is a close evolutionary relationship between family 19 chitinases found in Actinobacteria and plant class IV chitinases. The general occurrence of family 19 chitinase genes in Streptomycineae and the high sequence similarity among the genes found in Actinobacteria suggest that the family 19 chitinase gene was first acquired by an ancestor of the Streptomycineae and spread among the Actinobacteria through horizontal gene transfer.
Chitinase (EC 3.2.1.14) is a glycosyl hydrolase which catalyzes the degradation of chitin, an insoluble linear ␤-1,4-linked polymer of N-acetylglucosamine. This enzyme is present in a wide range of organisms, including organisms that do not contain chitin, and it plays important physiological and ecological roles. Based on amino acid sequence similarity, chitinases are classified into families 18 and 19 of glycosyl hydrolases (13, 14) . The members of the two different families differ in their amino acid sequences, three-dimensional (3D) structures (9, 10, 27, 36) , and molecular mechanisms of catalytic reactions and are thus considered to have different evolutionary origins.
Family 18 chitinases are widely distributed in a variety of organisms, such as bacteria, fungi, viruses, animals, and higher plants (classes III and V). On the other hand, family 19 chitinases were found only in higher plants until recently. However, since chitinase C (ChiC) of Streptomyces griseus HUT6037 was identified as the first family 19 chitinase in an organism other than higher plants (25) , the number of family 19 chitinases found in other organisms has increased. For example, the general occurrence of family 19 chitinases in Streptomyces species has been demonstrated (28, 40) . In addition, the recent progress of genome-sequencing projects for various organisms has revealed the presence of family 19 chitinases in some other bacteria (5, 7, 8, 11, 21, 26, 32, 35, 39, 44 ) and a few other organisms, including a nematode (22, 43) .
Plant family 19 chitinases are thought to be part of a mechanism of defense against fungal pathogens. This role has been deduced from the following observations: (i) chitin is the major component of the cell wall of plant pathogens, (ii) chitinase is one of the pathogenesis-related proteins (12, 18, 19) , and (iii) some plant chitinases exhibit antifungal activity in vitro (4, 16, 20, 31) . This hypothesis has been supported by the observation that transgenic plants constructed by introducing the plant chitinase gene expressed enhanced resistance against fungal diseases (3) . Since S. griseus ChiC exhibited significant sequence similarity to plant family 19 chitinases in the catalytic domain, the antifungal activity of ChiC was examined, and a remarkable ability of ChiC to inhibit hyphal extension of Trichoderma reesei was demonstrated (40) . Therefore, antifungal activity may be a common characteristic of family 19 chitinases.
Although the number of organisms that have family 19 chitinases is increasing, family 19 chitinases of Streptomyces are of special interest because of their high levels of similarity to plant class IV chitinases and because of their antifungal activity. To clarify why the distribution of family 19 chitinases in organisms is more restricted than that of family 18 chitinases and how these types of chitinases evolved, a detailed study of Streptomyces family 19 chitinases is critical. In this study, to see whether organisms closely related to Streptomyces possess family 19 chitinases, we searched for family 19 chitinase genes in Actinobacteria and studied the phylogenetic relationship of the genes with those of other organisms.
MATERIALS AND METHODS
Bacterial strains, plasmids, media, and culture conditions. Strains belonging to the class Actinobacteria used in this study are listed in Table 1 . These strains were obtained from the Japan Collection of Microorganisms (http://www.jcm .riken.go.jp/), the NITE Biological Resource Center (http://www.nbrc.nite.go.jp /e-home/index-e.html/), and the Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH (http://www.dsmz.de/); the only exception was Cellulomonas cellulans YCWD3. All of the strains except YCWD3 were grown under the conditions described at the websites. C. cellulans YCWD3 (6) was grown at 30°C in a medium containing 1.0% mannitol, 0.2% peptone, 0.1% meat extract, and 0.1% yeast extract (pH 7.0). Bacillus circulans WL-12 (42) and Serratia marcescens 2170 (41) were grown at 30°C in Luria-Bertani medium for chromosomal DNA extraction. Escherichia coli JM109 was used as a general host for gene cloning, and the pT7Blue T vector (Novagen, Madison, Wis.) was used for nucleotide sequencing of amplified DNA fragments obtained by PCR. E. coli JM109 cells carrying a recombinant plasmid were selected on Luria-Bertani medium containing 100 g of ampicillin per ml. The DNA fragment used as a probe for Southern hybridization was prepared from recombinant plasmid (24) .
Detection of chitinase activity. Actinobacteria strains were streaked on agar plate medium containing 0.2% colloidal chitin, 0.05% KCl, 0.1% K 2 HPO 4 , 0.05% MgSO 4 ⅐ 7H 2 O, 0.001% FeSO 4 , 0.05% yeast extract, and 2.0% agar (pH 7.0) and were incubated at 30°C for 3 to 14 days. Chitinase production was assessed by visual inspection of cleared zones that formed around colonies.
Gene manipulation. Chromosomal DNAs of various Actinobacteria strains were extracted from the mycelia by the method described by Hopwood et al. (15) , with minor modifications. Chromosomal DNAs of B. circulans WL-12 and S. marcescens 2170 were extracted from the cells as described by Silhavy et al. (33) . Other gene manipulations were performed as described by Sambrook and Russell (30) .
Southern hybridization. Chromosomal DNAs (3 g) of Actinobacteria strains were digested with restriction enzyme PstI or SalI, electrophoresed on a 1.0% agarose gel, and transferred onto a nylon membrane (MAGNA; OSMONICS). Probe DNA was prepared from pGC01A by digesting the plasmid with restriction enzymes ApaI and BamHI and was labeled and detected by using an AlkPhos direct labeling detection system with CDP-Star (Amersham Biosciences, Uppsala, Sweden) according to the supplier's instructions.
PCR amplification and determination of the nucleotide sequence of a portion of the family 19 chitinase genes of Actinobacteria strains. A portion of the genes encoding family 19 chitinases of Actinobacteria strains was amplified by PCR by using LA Taq DNA polymerase (TaKaRa, Kyoto, Japan). The forward and reverse primers used for PCR were 5Ј-AAGCTCGCSGCSTTCCTSGC-3Ј and 5Ј-GCACTCGAGSGCGCCGTTGAT-3Ј), respectively. Thirty amplification cycles of denaturation for 30 s at 98°C, primer annealing for 30 s at 50°C, and DNA synthesis for 1.0 min at 72°C were used. After the last cycle, DNA synthesis was performed for 10 min at 72°C (40) . The amplified fragments were ligated with the T vector pT7Blue and were maintained in E. coli JM109. Nucleotide sequences of amplified fragments in the T vector were determined with an automated laser fluorescence sequencer (model 4200; LI-COR). Sequencing reactions were performed with a Thermo Sequenase primer cycle sequencing kit with 7-deazadGTP (Amersham Biosciences) used according to the supplier's instructions with double-stranded templates. Nucleotide sequence data were analyzed by using the GENETYX system (Software Kaihatsu Co.).
Phylogenetic analysis. Multiple alignments were obtained with the Clustal X (37) program. The GeneDoc (23) program was used as an editing tool for multiple alignments. Phylogenetic trees were calculated by the neighbor-joining method (29) implemented in Clustal X and were drawn by using the program TreeView. Nucleotide and amino acid sequences of family 19 chitinases were obtained from the CAZy database (http://afmb.cnrs-mrs.fr/CAZY/).
Chemicals. Colloidal chitin was prepared from powdered chitin purchased from Funakoshi Chemical Co. (Tokyo, Japan) by using the methods described by Jeuniaux (17) . Other chemicals used in this study were obtained from Wako Pure Chemical Industries, Ltd. (Osaka, Japan).
Nucleotide sequence accession numbers. The nucleotide sequences obtained in this study have been deposited in the DBBJ database under accession numbers AB125373 to AB125390.
RESULTS AND DISCUSSION
Chitinase productivity of strains belonging to the class Actinobacteria. The class Actinobacteria has been classified into the following five subclasses based on 16S rRNA sequences: Actinobacteridae, Acidimicrobidae, Coriobacteridae, Sphaerobacteridae, and Rubrobacteridae (34) . Subclasses Acidimicrobidae, Coriobacteridae, Sphaerobacteridae, and Rubrobacteridae each contain only one order, and each of the orders contains only one family. On the other hand, subclass Actinobacteridae consists of two orders, the Actinomycetales and Bifidobacteriales. The order Actinomycetales comprises 10 suborders, and most of them contain many families, while the order Bifidobacteriales contains only one family. For example, the Micrococcineae, one of the suborders in the Actinomycetales, contains nine families. Therefore, the order Actinomycetales accounts for the greatest part of the Actinobacteria.
To initiate a study to reveal the distribution of family 19 chitinases in the Actinobacteria, 49 strains of various species were chosen from five orders and all suborders in the class Actinobacteria, as shown in Table 1 . The strain in the subclass Acidimicrobidae was not included in this study because of the difficulty of establishing and maintaining a culture of Acidimicrobium ferrooxidans DSM 10331, which is the only one strain in this subclass that is available. The chitinase production of the strains was tested by using agar plate medium containing colloidal chitin. Chitinase production was assessed by visual inspection of cleared zones that formed around colonies. As shown in Table 1 , 22 of 49 strains formed cleared zones and thus appeared to produce chitinases. These 22 strains and 13 chitinase-negative strains, randomly chosen as controls, were used for further experiments. Detection of family 19 chitinase genes by Southern hybridization. Southern hybridization was used to detect family 19 chitinase genes; part of the chiC gene of S. griseus HUT6037 was used as the probe. The probe used in these experiments contained the DNA region corresponding to the entire catalytic domain of ChiC and the 41-bp downstream region from the termination codon. Chromosomal DNA was extracted from the 35 strains and digested with either PstI or SalI. As shown in Fig. 1 , clear signals were detected for 13 of the 22 strains that showed chitinase activity, suggesting that family 19 chitinase genes were present. Some strains showed only one signal, and the others showed two or three signals, indicating that multiple genes for family 19 chitinases were present. On the other hand, none of the chitinase-negative strains examined as controls showed clear signals, although very faint signals were observed with Actinomadura kijaniata, Eggerthella lenta, Kocuria kristinae, Microbacterium imperiale, Nocardiopsis lucentensis, and Rubrobacter radiotolerans.
Detection of family 19 chitinase genes by PCR.
To confirm that the strains exhibiting hybridization signals really possess the genes for family 19 chitinases, PCR amplification of part of the family 19 chitinase genes was attempted. In order to design PCR primers, the amino acid sequences of S. griseus ChiC and plant class I, II, and IV chitinases were compared, and the four conserved regions were deduced from the alignment shown in Fig. 2 . Forward and reverse primers were designed by using the regions corresponding to conserved regions C1 and C4, respectively, taking into account the high GϩC content of Actinobacteria. By using this primer set, the corresponding region in the cDNA encoding class I chitinase of O. sativa (24) was successfully amplified in the control experiment. This fact indicates that the genes amplified with this primer set included not only genes that were very similar to the chiC gene of S. griseus HUT6037.
Chromosomal DNA was extracted from 22 chitinase-positive strains and 13 chitinase-negative control strains and then subjected to PCR amplification with the primers that we designed. All of the amplified fragments that were approximately 400 bp long were cloned and sequenced to exclude fragments of non-family 19 chitinase genes. As a result, 18 fragments of family 19 chitinase genes were obtained from 13 strains. These strains perfectly matched the strains that exhibited clear signals in the Southern hybridization experiments described above. In addition, no fragment of a family 19 chitinase was obtained from the 13 chitinase-negative strains. From Actinoplanes brasiliensis, Kibdelosporangium aridum subsp. aridum, Kitasato- spora setae, Planobispora rosea, and Planomonospora parontospora subsp. antibiotica, two fragments with slightly different nucleotide sequences were amplified, indicating that two distinct family 19 genes were present. Amino acid sequences deduced from the nucleotide sequences of the amplified fragments indicated that the fragments are truly parts of the family 19 chitinase genes. Most of the amplified sequences without primer regions were 340 bp long and encoded 113 amino acid residues; the only exception was one of the two fragments amplified from P. rosea, fragment 2, which was 346 bp long and encoded 115 amino acids. The levels of identity of the nucleotide and deduced amino acid sequences of these amplified fragments with the sequences of the corresponding regions of S. griseus HUT6037 chiC and ChiC were 78 to 87% and 70 to 83%, respectively. Figure 3 shows an alignment of the amino acid sequences deduced from the amplified fragments and the corresponding regions of reported family 19 chitinases of Streptomyces species (40) and Nocardiopsis prasina OPC-131 (38) . Four conserved regions characteristic of family 19 chitinases were found in all the deduced sequences. Except for fragment 2 from P. rosea, Glu residues at positions 5 and 14, which were two catalytic amino acid residues (1), were found in all sequences. In fragment 2 of P. rosea, a Glu residue at position 14 was replaced by Gly, and in addition, Pro and Phe were inserted at positions 31 and 32.
Distribution and phylogenetic relationship of the genes encoding family 19 chitinases in Actinobacteria. As summarized in Table 1 , the strains tested in these experiments could be divided into three categories, (i) strains which did not show chitinase activity in the agar plate assay (chitinase-negative strains), (ii) strains which showed chitinase activity but for which no family 19 chitinase gene was detected (family 19-negative strains), and (iii) strains which had a family 19 chitinase gene (family 19-positive strains). Family 19-positive strains were found only in the six suborders of the order Actinomycetales, the Pseudonocardineae, Micromonosporineae, Streptosporangineae, Glycomycineae, Streptomycineae, and Micrococcineae. In other orders, not even a chitinase-positive http://aem.asm.org/ strain was detected. All three types of strains, chitinase-negative, family 19-negative, and family 19-positive strains, were found in four suborders, the Micrococcineae, Pseudonocardineae, Streptosporangineae, and Micromonosporineae. The strains belonging to the suborders Actinomycineae, Corynebacterineae, Propionibacterineae, and Frankineae did not show chitinase activity. These results demonstrated that family 19 chitinase genes are broadly dispersed in the order Actinomycetales, which comprises the greatest part of the Actinobacteria. To visualize the relationship among family 19 chitinases found in Actinobacteria, a phylogenetic tree was constructed by the neighbor-joining method (27) by using the nucleotide sequences of the amplified fragments of family 19 chitinase genes and the corresponding sequences of Streptomyces species determined previously (40) , as shown in Fig. 4 . Bootstrap values, which were an index of the accuracy of the phylogenetic tree, were higher outside the tree but lower inside the tree. Because of the low bootstrap values observed inside the tree, which were probably due to the low relative diversity of all sequences used in the analysis, it may not be appropriate to discuss the evolutionary relationships of all family 19 chitinase genes in the tree.
However, it is noteworthy that approximately one-half of the family 19 chitinase genes of Streptomyces species formed a stable cluster in the tree, suggesting that there is a close evolutionary relationship at least among these genes. Interestingly, the other half of the Streptomyces family 19 chitinase genes were dispersed in the tree with the genes found in other Actinobacteria.
Comparison of amino acid sequences with the sequences of other family 19 chitinases. Previously, the presence of family 19 chitinase genes has been reported in viruses, bacteria, nem-atodes, protozoans, and higher plants. Figure 5 shows an alignment of the amino acid sequences of some family 19 chitinases. These sequences were selected to represent sequence variations of all family 19 chitinases and categories of source organisms. The sequences of S. griseus ChiC and Streptomyces coelicolor ChiF are included as representatives of the Actinobacteria family 19 chitinases and are located in different clusters in Fig. 4 . The alignment was first constructed with the Clustal X program and then was modified manually by referring to the 3D structures of plant class II chitinases from barley (10) and jack bean (9) and other information. Four conserved regions shown in Fig. 5 , deduced in this study, were found in all sequences. Two Glu residues, which are catalytic amino acids of family 19 chitinases, were both conserved in all sequences.
Asn residues corresponding to Asn124 of the barley class II chitinase, which has been suggested to participate in the catalytic reaction (1), were also well conserved. In jack bean class II chitinase, the presence of a water molecule held by hydrogen bonds to the carboxyl group of Glu90 and the hydroxyl group of Thr119 has been reported (9) . This water molecule is proposed to participate as a nucleophile in the single-displacement inverting catalytic reaction (2), which is widely accepted as the catalytic mechanism of family 19 chitinases. The amino acid residues at the position corresponding to Thr119 were either Thr or Ser in all family 19 chitinases. This suggests that Ser may play the same role as Thr in the catalytic reaction as the hydroxyl amino acid. All family 19 chitinases from Actinobacteria have Ser residues at this position. The relative po- sitions of four amino acid resides (two catalytic Glu residues, Asn, and Thr or Ser) in the 3D structures of the chitinases from jack bean and barley and S. griseus ChiC were very similar to each other. Three disulfide bonds have been identified in the 3D structures of the class II chitinases from barley (10) and jack bean (9) at the corresponding positions in the two chitinases. Cys residues, which could form the three disulfide bonds (SS1, SS2, and SS3), were found to be conserved in the amino acid sequences of all family 19 chitinases from higher plants. As shown in Fig. 5, family 19 chitinases from nematodes have all six conserved Cys residues at the corresponding positions. In the sequences of Actinobacteria strains, Burkholderia gladioli CHB101, and Vibrio cholerae El Tor N16961, Cys residues which could form SS2 and SS3 were found, but Cys residues which could form SS1 were not found. On the other hand, family 19 chitinases from other bacteria do not have any corresponding Cys residues.
In terms of the positions of insertions or deletions, the similarity of conserved regions, and the number of the deduced Phylogenetic analysis of family 19 chitinases. To study the phylogenetic relationships of family 19 chitinases found in Actinobacteria and other organisms, a multiple alignment of the amino acid sequences corresponding to the sequence regions shown in Fig. 3 of all family 19 chitinases available from CAZy (http://afmb.cnrs-mrs.fr/CAZY/) was prepared. Then the highly variable regions containing many gaps were manually removed from the alignment, and a phylogenetic tree was constructed by the neighbor-joining method (27) based on this modified alignment. Due to the extensive diversity of the sequences, inclusion of the highly valuable regions was impractical for construction of a reliable alignment. As shown in Fig.  6 , family 19 chitinases were separated into five clusters on the phylogenetic tree. Plant family 19 chitinases are located in the two clusters, clusters I and II. Cluster I consists solely of plant class I and II chitinases. On the other hand, cluster II consists of Actinobacteria chitinases (subcluster iia in Fig. 6 ) and plant class IV chitinases (subcluster iib). Cluster III mainly consists of the chitinases of Proteobacteria and viruses. Cluster IV consists of family 19 chitinases found in V. cholerae El Tor N16961, Aeromonas sp. strain 10S-24, Salmonella enterica subsp. enterica serovar Typhi CT18, and Salmonella enterica serovar Typhimurium LT2, and cluster V consists solely of Nematoda chitinases. The major group of family 19 chitinases from Proteobacteria, which formed cluster III, is most distantly related to the other family 19 chitinases found in various organisms. Interestingly, one of the two family 19 chitinases found in S. enterica subsp. enterica serovar Typhi CT18 and S. enterica serovar Typhimurium LT2 is located in cluster III for each strain, and the other is located in cluster IV.
All family 19 chitinases found in Actinobacteria formed the same cluster with plant class IV chitinases, and a chitinase from B. gladioli CHB101 exhibited a close evolutionary relationship to these chitinases. On the other hand, the family 19 chitinases of other bacteria belong to the other clusters, including cluster III, which is most distantly related to the rest of the family 19 chitinases. Therefore, the family 19 chitinases of Actinobacteria strains are phylogenetically unique among the family 19 chitinases of prokaryotic organisms.
We previously proposed the hypothesis that family 19 chitinases of Streptomyces species were acquired from plants by horizontal gene transfer (40) . The results obtained in this study support the contention that this hypothesis could be expanded to the family 19 chitinases of Actinobacteria. The general occurrence of family 19 chitinase genes in Streptomyces species and the high levels of sequence similarity among the genes found in Actinobacteria suggest that the family 19 chitinase gene was first acquired by an ancestor of Streptomyces species and spread among the Actinobacteria through horizontal gene transfer. However, detailed analysis of the family 19 chitinases of other prokaryotic organisms from phylogenetic and biochemical viewpoints is necessary for further discussions.
